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Abstract 
Nitrogen doped TiO2 nanoparticles were successfully synthesized by the addition of ammonia water. 
The as-synthesized TiO2 nano-particles were characterized by X-ray diffraction (XRD), scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), 
UV–visible diffuse reectance spectra (UV-vis DRS). It was found that doping with nitrogen could 
effectively inhibit the phase transformation of TiO2 from anatase to brookite, enhance light absorption in 
visible region. The photocatalytic efficiency of phenol on N doped TiO2 nano-particle was higher than 
that of undoped and P25 TiO2, which could be attributed to the small crystallite size, high crystallinity, 
intense light absorption in visible region and narrow band gap energy. Further, the formation mechanism 
of N doped TiO2 was proposed. 
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1.Introduction 
Titanium dioxide (TiO2) has been widely studied as an efcient photocatalyst for the photodegradation 
of pollutants in waste water owing to its inexpensiveness, strong oxidizing power, non-toxicity and long-
term photostability. However, TiO2 can only be excited by UV light irradiation due to its large band gap 
(3.2 eV), which limites the application of TiO2 photocatalysis, because the UV light only occupies a small 
portion of the sunlight spectrum [1]. Hence, in order to solve the problem, much effort has been devoted to 
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developing the visible-light-activied photocatalysts [2-4]. Up to now, many strategies, including transition 
metal and noble metal ions doping, dye sensitization, semiconductor coupling and the doping of TiO2 
with non-metal- elements, have been investigated. Among these methods, the doping of TiO2 with non-
metal-elements has been proved to be the most feasible approach to enhance the photoactivity. Since 
Asahi et al [5] reported that N-doping shifted the absorption edge of TiO2 to visible light region, thereby 
exhibiting photocatalytic degradation of methylene blue solution and gaseous acetaldehyde under visible 
irradiation, a great deal of effort has been carried out on N doped TiO2 photocatalyst [6-8]. 
However, issues related to the photoactivity of N doped TiO2 have been yet under debate. Asahi et al [5] 
claimed that N doping offered TiO2 the photoactivity under visible light, without degradation of the 
photoactivity under UV light. But later researches demonstrated that N doping excited TiO2 the 
photocatalytic activity for degradation of pollutants under visible light, yet weakened the UV irradiation 
[9-10]. Some researchers even claimed that nitrogen doping did not excite TiO2 be photoactive under visible 
light irradiation [11-12]. Besides these, little report has concerned the sunlight photocatalytic activity of the 
material contributed by UV and visible light irradiated processes together, which is the key issues related 
to practical applications. Further, to the best of our knowledge, the formation process of N doped TiO2 
has not been reported yet. Therefore, it appears to be urgent for us to make clear how N doped into the 
lattice of TiO2 and inuenced its photocatalytic property under sunlight irradiation, and how we can do to 
improve the photoactivity of N-doped TiO2. 
In this paper, visible-light-active N doped TiO2 nanoparticles were synthesized by the addition of 
ammonia water. The as-synthesized materials were characterized by XRD, SEM, TEM, XPS and UV-vis 
DRS. The photocatalytic activity under simulated sunlight irradiation for degradation of phenol was 
investigated. Further, the possible formation mechanism of N doped TiO2 was proposed. 
2 Experimental 
2.1 Catalyst preparation 
In a typical process, a mixture of 10 mL ethanol, 10 mL ammonia water (28 wt%) and 2 mL nitric acid 
was slowly dropped into another solution which containing 10 mL tetrabutyl titanate and 40 mL ethanol 
under vigorously stirring. After continuously stirring for 2 h, the yellow semitransparent sol was produced. 
Subsequently, the resulting semitransparent sol was aged for 6 h at room temperature and then dried at 
80 ℃ for 36 h in an oven. Finally, the resulting powder (N-TiO2) was obtained by the thermal treatment 
at 400 ℃ for 4 h in air with a heating rate of 3 ℃·min-1. For comparison, pure TiO2 was also prepared in 
the absence of ammonia water under the same conditions. 
2.2 Catalyst Characterization 
XRD patterns were carried out on a Rigaku D/MAX-rA powder diffractometer, using Cu Kα radiation 
with λ=0.15406 nm. The ccelerating voltage and applied current were 30 kV and 20mA, respectively. The 
surface morphology of the as-synthesized N doped TiO2 was observed through eld-emission scanning 
electron microscope (FE-SEM) with a Philip XL-30- ESEM-FEG instrument made in Holland, operated 
at 20 kV. The measurement of transmission electron microscopey (TEM) was carried out on a JEOL 
JEM-2010 electron microscope operated at an accelerated voltage of 200 kV. The XPS spectra were 
performed with a PHI-5700 apparatus using Al Kα radiation as X-ray source, and the binding energies 
were calibrated with respect to the signal for adventitious carbon (binding energy=284.6 eV). The 
ultraviolet visible diffuse reflectance spectra (UV-vis DRS) of the as-synthesized samples were recorded 
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on a Shimadzu UV2550 spectrophotometer equipped with an integrating sphere and using BaSO4 as the 
reference. 
2.3 Photocatalytic activity 
The photodegradation of phenol was carried out in an aqueous solution at room temperature and a 350 
W arc Xenon lamp was used as the simulated solar light source. Briey, in a 100 mL photoreactor, 20 mg 
TiO2 sample was mixed with 20 mL aqueous solution containing 50 mg·L-1 phenol. Prior to a 
photocatalytic reaction, the mixture was magnetically stirred for 30 min to reach the adsorption 
equilibrium in darkness. At given time intervals, the analytical samples was sampled and centrifuged to 
remove the remaining particles. Then the ltrate was analyzed by recording variations in the UV–vis 
absorption of phenol using a T6 ultraviolet visible spectrophotometer. 
3 Results and discussion 
3.1 Measurement of XRD 
The XRD patterns of the as-prepared samples and P25 TiO2 were shown in Fig.1. It can be seen from 
Fig.1 that pure TiO2 contained both anatase (JCPDS 21-1272) and brookite (JCPDS 29-1360) with 
anatase phase in the majority according to their intensities, while the N doped sample did not exhibit 
additional phase except anatase. Obviously, the XRD patterns revealed that doping with nitrogen 
restrained the transformation from anatase to brookite. By comparison, the crystallinity was sharply 
improved by doping with nitrogen, which was beneficial to the enhancement of photocatalytic activity [17]. 
As expected, the broad diffraction peak in the N doped TiO2 was also observed, which was attributed to 
the decrease in the particle size with the destruction of crystalline structure. Generally, the crystal sizes 
can be calculated by Scherrer’s formula [18] according to the full width at half-maximum of the diffraction 
pattern. The as-calculated average crystal sizes of sample pure and N doped TiO2 were 8 and 6 nm, 
respectively. The difference in crystal size may be ascribed to the introduction of N doping. Furthermore, 
it was notable that, the N doped sample exhibited typical structure of TiO2 crystal without any detectable 
dopant related peaks. The reason could be due to the fact that the nitrogen species have moved into either 
the interstitial positions or the substitutional sites of the TiO2 crystal structure. 
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Fig.1 XRD patterns of the as-prepared TiO2 samples and P25 TiO2 
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3.2 SEM and TEM analysis 
The morphology of the N doped TiO2 particles measured by SEM was given in Fig. 2A. Noticeably, 
the sample was mainly composed of 8~13 nm spherical particles and presented the porous structures, 
which was a little larger than the value determined by XRD analysis. That is because some aggregation 
has occurred during the synthesis process. Meanwhile, TEM images of the N doped TiO2 sample were 
also conducted and shown in Fig.2B. It could be observed that the sample consisted of a great deal of 
small nano-particles and the crystallite size was about 6 nm in diameter, which was in accordance with 
the crystallite sizes calculated from the XRD patterns. In addition, a slight agglomeration was also 
observed. 
  
Fig.2 SEM (A) and TEM (B) images of N doped TiO2 sample 
3.3 XPS analysis 
In order to determine the chemical states of the as-prepared N doped TiO2 sample, the global range 
XPS investigation was conducted and shown in Fig.3. It was clear that only Ti, O, N and C elements were 
detected and the atomic composition was 18.48, 59.36, 0.68 and 21.48 at%, respectively. N and C were 
assigned to the doping species and adventitious carbon of the apparatus, respectively. In order to 
investigate the chemical state of N atom in N doped TiO2 sample, the high-resolution XPS spectra of N1s 
region on the surface of the sample was performed. As shown in Fig.3B, the N1s binding energy peaks 
were broad and asymmetric, demonstrating that there were at least two kinds of N chemical states 
according to the binding energy range from 396 to 404 eV. After fitting of the curve, three peaks at the 
binding energies of 397.4, 399.5 and 401.7 eV were obtained, respectively. These peaks were the results 
of the introduction of the doping species during the synthesis process and indicated three different types 
of N states. In this work, the main peak at binding energy of 399.5eV was attributed to the N atom in the 
environment of the N-Ti-O [19-20], while another two small peaks at 397.4 and 401.7 eV was assigned to 
the substitutional nitrogen in the Ti-N structure and the presence of interstitial N state as the characteristic 
of NO or NO2 in the N doped TiO2 sample [21-23], respectively. Hence, it can be concluded that the 
chemical states of the nitrogen doped into TiO2 may be various and coexist in the form of substitutional 
N-Ti-O and Ti-N, as well as interstitial NO or NO2. These multi-type nitrogen doping may induce the 
formation of new energy level in the forbidden band of TiO2 and relate to the enhancement of 
photocatalytic activity in the visible range. 
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Fig.3 Survey XPS (A) and high-resolution spectra of N1s (B) of the sample N doped TiO2 
3.4 UV-vis DRS analysis 
The UV-vis absorption spectra of the as-synthesized samples and P25 TiO2 were shown in Fig. 4. The 
inset in Fig. 4 showed the optical absorption edge (in eV). Noticeably, the onset of the absorption 
spectrum of pure TiO2 appeared at about 405 nm, which was very similar to that of P25 and matched well 
with the intrinsic band gap of anatase. As expected, doping with N greatly enhanced the absorption of N 
doped TiO2 sample in the UV-vis spectrum and effectively extended the absorption edge into visible light 
region. Such an absorbance enhancement in the visible-light range was consistent with the yellowish 
colour characteristic of the N doped TiO2 sample. Furthermore, it also can be seen that N doped TiO2 
sample exhibited two kinds of characteristic light absorption edges in the DRS curves of the N doped 
TiO2 sample. One was in UV region attributable to the intrinsic band gap of TiO2, while the other 
originated from the new energy level in the forbidden band of TiO2 formed by N doping. Additionally, 
the inset in Fig. 4 showed a marked shift in the optical absorption edge toward the visible region on N 
doped TiO2 with respect to that of the pure TiO2 sample, which indicated that the nitrogen species 
occupied some oxygen positions in the lattice of N doped TiO2. Meanwhile, the band gap energy could be 
calculated according to Kubelka–Munk equation [24]. The optical band gaps were 3.1 eV and 1.95 eV for 
the pue and N doped TiO2 nanoparticles, respectively. The narrow band gap, caused by localized N2p 
states in the band structure in the form of substitutional and interstitial N states, allowed the enhancement 
of visible light photocatalytic activity. 
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Fig.4 UV–vis diffuse reectance spectra of the as-synthesized samples. Inset: plots of [F(R)·E]1/2 versus photon energy (hν) for the 
above samples 
Xiuwen Cheng et al. / Energy Procedia 16 (2012) 598 – 605 603 Author name / Energy Procedia 00 (2011) 000–000 
3.5 Photocatalytic activity 
The degradation of phenol was used to evaluate the photocatalytic activity of the as-synthesized TiO2 
samples and the results were shown in Fig.5. The photocatalytic activity of P25 TiO2 was also measured 
as a reference. Compared with the photocatalytic degradation, phenol degradations through direct 
photolysis under simulated sunlight irradiation and adsorption in the dark were negligible (<5%). 
Noticeably, as shown in Fig.5, the photocatalytic activity of TiO2 nanoparticles was significantly 
enhanced by N doping and the corresponding photodegradation rate of phenol was 69.3% within 120 min, 
which could be attributed to the small crystalline size, well-crystalline anatase phase, narrow band gap 
and intense absorption in the visible-light region. 
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Fig.5 Photocatalytic activity of different TiO2 nano-particles for degradation of phenol 
3.6 Possible formation mechanism of N doped TiO2 
On the basis of the above characterization results, one possible formation mechanism for N doped TiO2 
crystallites with high visible-ight photocatalytic activity can be illustrated in Fig.6. In this work, TiO2 
crystallites were firstly synthetized by a hydrolysis process in the acid system, but the agglomerations can 
be formed easily because of the existence of some amorphous phase resulting from Ti(OH)n [25]. 
Subsequently, the ammonia water introduction during the hydrolysis process on the basic condition can 
effectively disperse the agglomeration because of its negatively charged. On the basic condition, the 
ammonia groups and nanoparticles are both negatively charged. Thus, the strong electrostatic repulsion 
between the ammonia groups and nanoparticles resulted in the well dispersion and crystallinity of 
nanoparticles together with the small grain size and further induced the transformation from amorphous to 
anatase TiO2 crystallites. However, during the process, a small amount of ammonia groups were able to 
absorb on the surface of the nanoparticles due to the interaction with the surface OH groups. 
Subsequently, the hydrogen proton (H+) catalyzed the dehydration process occurs again, which induced 
the formation of N-Ti-O and N-Ti-N structures. To reveal the above mechanism, the XRD and XPS 
techniques were performed to examine the phase composition and chemical state of N atom in N doped 
TiO2 sample, respectively. The results showed that the as-prepared N doped samples were anatase TiO2 
crystal and N species coexist in the form of substitutional N such as N-Ti-O and Ti-N, as well as 
interstitial NO or NO2. Therefore, the introduction of NH3 could not only inhibit the agglomeration but 
also induce the N doping of TiO2 nanoparticles, thereby restraining the phase transformation and crystal 
growth. However, these effects would disappear when the thermal treatment was higher than 350 ℃ 
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because of the decomposition and desorption of NH3 molecules. Hence, in this work, 350 ℃ was chosen 
as the optimum theatal treatment temperature. 
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Fig.6 Illustration of the possible formation mechanism of N doped TiO2 
4 Conclusions 
In summary, N doped TiO2 nanoparticles were successfully synthesized in the presence of ammonia 
water. The as-synthesized samples were characterized by XRD, SEM, TEM, XPS and UV-vis DRS. It 
was found that the as-synthesized photocatalyst exhibited smaller spheroidal shape particles and higher 
crystallinity. Furthermore, the absorption edge of N doped TiO2 exhibited significant red-shift to visible 
light region, which may be caused by the formation of new band gap level formed by N doping. In 
addition, the possible formation mechanism was illustrated. The high photocatalytic activity of the N 
doped TiO2 under simulated sunlight irradiation can be attributed to small crystal size, high crystallinity, 
intense light absorption in visible light region and narrow band gap energy. 
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